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. Ca2* and PO43- ions. arc transported from the layer of ameloblasts into the enamel matrix, which might cause - .
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ABSTRACT

This paper briefly reviews our recent studics, which aimed to investigate the effects of 1) the CaZ* and PO43- ions
flow and 2) amelogenins on the lengthwise growth of octacalcium phosphate (OCP), which is a potent precursor of
enamet apatite crystal. OCP crys!als were grown at 37°C in a dual membrane system under various amount of ionic
infiow into a reaction space, usmg 1) 5-30mM Ca and PO4 sohitions as ionic souroes and 2) extmctcd bovine
amelogenin and recombinant murine amelogenins (M 179, tM166). W:th an increase in the amoum of Ca2+ and/or
PO43~ jons flow, the length of OCP crystal increased, while the width decreased. - As a result, the length to width
(L/W) ratio of crystal changeil from 3 to 95, while the width to thickness (W/T) ratio from 32109, The effect of
amelogenins was unique, regardless of the type of amelogenins : Rod- Jike and prism-like OCP crystals with large:
L/W (61~107) and small W/T (1.3~2.2) ratios were formed in 10% amelogenin gels. In contrast, characteristic
ribbon-tike OCP crystals grew without protein and with gelatin, albumin, polyacrylamide el and agarose gol.
Specific interaction of amclogenins with OCP crystal was ascribed to the sclf-assembly property of amelogenin-
motecules and their hydrophobic nature. Tt was sugpested that i ionic ﬂow and amclogcmm plny some critical roles
in the elcngated growth of cnamel crystals

INTRODUCTION

Enamel crystals of mammalian tooth are formed in an enamel matrix, which is abundant in amelogenins, under
regulated Ca2+ and P043- ion supply from the fayer of ameloblasts. In the early stage of the enamel crystal
formation, very long and thin crystallites deposit in an enamel matrix with their long axis parallel 1o each other. In
the later stage, crystals mainly increase their width and thickness, and grow into flat-hexagonal prisms [1,2). The
morphology is quite different from the irregular shaped plate-like morphology of bone and dentin crystals. -We
speculate that the uniqueness of enamet crystals relates to their growth condition : 1) lattice ions of enamel c:ystal&

jonic flow, and the mode of the jonic flow changes during the tooth enamel formation {3,4] ; 2) molecules of
amclogenin, which is major component of cnanic! proteins [5,6} and highly hydrophobic {7}, assemblc mto
nanospheres and form ge! [8-10] with unique property {11}

We have been studying the mechanism of the lengthwise and oricnted growth of cnamel crystale. bnwd ona
bypothesis that 1) octacaleium phosphate (OCP)-like phase is initiated as a ptecmsor of ename] apatite: 2) one
directionat supply of the lattice ions contribute to the lengthwise growth in the c-axis direction ; 3) amefogenin
nanospheres play roles as a scaffolding matrix in the highly organized growth of enamél _crystnls [reviewed in
12.13]. Toevaluate thehypothesis, ocp crystals were grown in a model system of tooth enamel formation, where
Ca2+ and PO43- ions were supplicd through membranes into amelogenin gels (a dual memibrane system [14-16]).
The present paper shows how ionic flow and amelogenins affected the growth of OCP crystals.

EXPERIMENTAL

A dual membrane system

Reactions were carried out at 37 °C and pH6.5 for 3days in a dual membrane system {14], where a cation

- selective membrane (CMV™) (Asahi Glass Co.) and a dialysis membrane (Visking Cellulose Tubing : Union

Carbide Co ) were used to controt dlffuqon of Ca 2+ and PO4”" ions. Mcmbrancs (about 8mm in diamcter) were
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attached 10 2 Ca solution ( Ca(CH3000); « H0, 1.8mi) container. The Ca solution éonlgincr was put into a POy4

solution ( NTigHaPO4 + (NTI4)21IPO4 ; 1:1 molar ratio, 100m1). CaZ* and PO43‘ ions diffusc into the reaction o
space between the membranes (about 153t of volume) fram mutually opposite sides respectively through the CMV . !
and the dialysis membrane. Crystals dcposulcd on xhc CMYV or on-the both membrances depending on the solution
conceatration. ’

Effect ol' jonic flow

To evaluate the effect of ionic flow on the prowth mode, crystal growth was carried out under different amount of
PO4Y and CaZ* jons' flux [15]. One of factors that determine the driving force of diffusion of ions through a
membrane is the potential dlﬂ'emuce across it. Therefore, amount of P043' and Caz"' jons" influx across the

membranc was changed by changing concentration of phosphate solution and Ca solution used as P043' and Ca2+
ionic sources. 5, 10, or 30mM of PO4 and Ca solutions were used in different combmatlom

Effects of ame) enins

To evaluate the effect of am«.logcnms crystal growth was carried out in 10% amclogcmn gels, using 10mM Ca
and PO4 solations. “Three types of amclogenins were used : 1) extracted bovine amelogenin and 2) recombinant -
murinc amelogenins, tM179 (M=20kDa) and rM166 (M=16.8kDa).  About 40% of the bavine amelogenin was
20.7kDa fraction, which lack the hydrophilic C-terminal residues of the full length amelogenin [17,18), and the rest
was degraded fractions with the molecutar weight of about 3-8, 13, 16kDa{14). rM179 has the hydrophilic C- -
terminal residues and lacks an N-jerminal methionine and a phosphorylated serine residuc : sM166 Jacks the ’
hydrophilic C-tenminal residucs present in tM 179 [19). - Their purity was higher than 95% {16]). 10% amclogenin
salution was put in the reaction space and 10mM of Ca and PO4 solutions were used as ionic sources. Some parallct
reactions were carried ot in 18% bovine serum alhumm gchlm. polyacrylamvdc (PAA) gel and 1% agarmc gel for
& comparison,

Afler a reaction, the precipitates still i xcd onthe mcmbr:me were rinsed superficially with distilled water and air
dricd or lyophilized when organic materials were used.  Crystals were identified by an X-ray diffractometer-(XRD)

(Rigaku, RINT 2500). Morphology of crystals was observed by a scanning electron microscope (SEM) (Hitachi,
84500). Crystal size was measured on the SEM photographs. and their averages and standard deviations were
calcnlated. .

_RESULTS

Morphology of OCP crystal changed, depending on the concentration of Ca and PO solutions used as ionic
sources (figurc 1). Plate-like erystals grew, when SmM solutions, which were minimum coneentration fo form
crystals in the present condition, were used.  Length of OCP crystal increased from about 13+4m to 9+ 7um with
an increasc in concentration of Ca and/or P04 solutions. Increase in length was smaller than cxpcdcd. when the
solution concentration was higher than 10mM, because crystal grew on both CMV and dialysis membrane, while
they grew only on the CMV when the concentrations wese lower than 10mM. The width decreased under 2 large
amount of jonic flow. The drastic change of morphology from rectangle to long ribbon is figured by the length to
width (L/W) and width to thickness (W/T) ratios (figure 2) : The L/W ratio changed from 3 to 95, whereas the W/T
ratio changed between 32 and 8, as the concentration of Ca and/or PO4 solutions increased. Thus, longer and
~ narrower ribbon-like crystals grew, when the amount of flux across the membrances was large. '




l-'igtrre 1. Morphology onCP crystafs gtown under vanouﬁ amotmt of P04 and Caz+ ions’ mﬂux

Concentration of Ca.and PO4 solunons nsed as mmc somces are. (a) Ca 5mM PO4 SmM (b) Ca SmM PO4 30mM
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Figure 2. Length to width (L/W) ratio and width to thickness (W/T) ratio of OCP crystals grown under various ion
flows [15]. The scheme shows morphology and crystallographic axes of OCP crystal.

Effects of amelopenins

The effect of amelogenins on the crystal morphology was unique (figure 3) : Ribbon-like crystals grew in the
absence of organic materials {control) and in gelatin, albumin, PAA ge! and agarose gel : In contrast, prism-like and
rod-like crystals grew in 10% amelogenins, regardiess the type of amelogenins.  The XRD indicated these products
are OCP with good crystammty

Drastic reduction in length and width of OCP crystal was caused by organic materials with different efficiency
(figure 3,4). The length decreased from 9048um (control) to 622um (bovine amelogenins) and 3.6 um
{albumin), and the width from 240.5um {control) to 94x35nm (bovine amelogenins) and 83+17nm (albumin). The
inhibitory activity of the bovine amelogenins in length was larger than that of tM179 and tM166. Both tM166 and
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£M179"had sifnitar cffect on the gro\wh of OCP. The mhlbtfory activity of ame]ogemns gels in length and width.
were larger than thiit of PAA gel. Whercag the decrease in thickness caused by amelogenins pels was smaller than
that caused by other materials. . The mhnbnory effect of albumin ws.the largest,

The degree-of erystal size reduétion in 10% amclogenins gels was in the order of width, Icngth and thwknc\s
This'means that amelogenins suppressed the gm\\'lh of OCP in the order. b-axis > c-ixis > a-axis direciion and that
the mtcru:lmn of nnm.iogcnm\ with the uysnl ﬁcc ol‘ OCP was in the order- of (()IO) > (001 ) > ( lOﬂ)

3 83 N . 2 33 - -
“ap-88 3.8 KV X60.@K @ang2la 3 5.2 xv X5@.8K <a'on

Figure 3. Mophology ol'uy\m!s grown () wilhom additives, in (h) 10% atbumin, (¢} 10°% sM179, and (d) 10%
M166. Note that both rod-like and pnsm-hkc crystals were obtained in three types of .omclugemm i.e., bovine
amclogenin. tM179 and tM 166,
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Figure 4. Lengrh (L), width (W). thlcknes (T), L/W ratio and W/T ratios of OCP cryslals gmwn without protems
and in 10% bovine amelogenins, tM179, tM 166, albumin and gelalm

The L/W and W/T ratios of the crystals (figurc 4) show the unique cffcet of amclogenins on morphology.
Bovinc amelogenin, M 179 and sM166 resulicd crystals with the L/W ratio largier than that of control crystals and
with the smallest W/T ratio. In case of rM166 and tM179, the L/W ratio was about 2.5 times larger than and the
WI/T ratio was about 1/6 times smaller than those of control crystals. Gelatin also caused the elongation as well as
rM166 and tM179, but the W/T ratio was 1/2 of the control crystal.

DISCUSSION _ S . :

The results of our in vntro experiments demonstrate that both jonic flow and amclogcnm comnbutcd to form OCP

crystals with elongated morphology.  Under a larper amount of ionic flow, the lengthwise growth was enhanced,

while the growth in the width dircction was reduced.  OCP crysta) grew preferentially in the c-axis dircction, while

grew less actively in the b-axis direction. The (001) face of OCP crystal was, presumably; the most active face on

which ions and molecules of the lattice components were attached and subsequently OCP structure was quickly

constricted in the c-axis direction.  As a result. the maximum:L/W ratio of crystals was about 25 times larger than

that of crystal grown under the smallest jonic flow (figure 2). Inthe absence of organic materials, even when the

ionic flow changed, crystal lcngth and width were not reduced less than 13 and 4 pm; respectively. When the jonic .

flow was fmthcr decreascd, i.c., when the concentration:of the fonic soucces were less than SmM, there was no -

prcclpnahon on the membrane,  Drastic reduttion in crysml size was causcd by organic mntena!s with different -

efficiency (figure 4). . - -
Amelogenin gels causeda large decrease in width and small decrease in thickness of OCP crysm As a result, : -

decrease in W/T ratio caused by 10% amélogenin gels was larger than those caused by other organic materials used

(figure 4). The W/T ratio, 1.3, was much smaller than that caused by the change in the amount of fon flow in the

absence of amelogenins (figure 2). The effect of amclogenins on crystal morphology was common among bovinc

amelogenins, rM166 and rM179, regardless of the homogeneity of molecular weight and the existerice of the

hydrophitic C-terminal. This indicates that the spiccific interaction of amelogenins with the crystat faces of OCP

related to some common factors among these amelogenins.  That is hydrophobicity §14,16], because most part of

amclogenin molccules arc composed wilh hydrophobic amino acids, cxcept the C-terminal of tM179 [20].

According to the crystal structure analysis [21], OCP has ten H30 molecules per onc unit ccll.  Amount of Hy0

molecules exposed in its crystal face is in the order of (100) > (001) >> (010). Therefore, it is expected that the

(100) and (001) faces are hydraphilic. while the (010) face is rather hydraphobic. The ionic arrangement in its

crystal face suggests that the (100) and (010) faces are positive, while the (001) face is slightly negative. The

amownt of the positive charge of the (100) is highet than that of the (001).  Amclogenin molecules are hydrophoblc

and positive at pHG.5, and they assemble into nanospheres with iydrophobic property [8-10]. AFM imaging of the
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10%, 30% and 35% amelogenin gels revealed that those nanospheres were basic buitding block of the amelogenin
gels [16,22.23]. On the other hand, PAA gel has the closed-celiular structure with the pore size of a few micron
[24]. Duc 1o the celi walls, the mechanical interference of the PAA pel was sippesed to be larger than that of the
amelogenin gels.  Nevertheless, the decrease in length by amelogenin gels was larger than that by PAA gel.  This
also supports the interaction with amelogenin nanospheres with the (001) face of OCP crystal.  The hydraphobic

" and positive nanospheres would react with the hydrophobic ((10) and negative (001) faces rather than with the )
hydrophilic and positive (100) f ace.  This coincides with the result that the dcgn.‘c of the interaction was inthe ordcr
ol‘(Ol())>(00l)>(100) Co .

Durlng tooth cname) formation, C 22¥ and l’()43’ jons are lmmpomd from the laycrnf ameloblasts into the

ename! matrix and the mode of ionic transports change during enamel formation. accompanied with the changes in
activity of these jons and the Ca/ PO4 ratio [3.4]. Recent studics have posiulated that amelogenin nanospheres play
active roles in the clongation of ename! crystals [9.13].  In the dual membrance system. it was demonstrated that the
1JW ratio was increased about 25times by increasing the amount of the ionic flow and it was increased in 10% .
amclogenin pels 1.5-2.5 times I.lrgcr than that of contra crystals [14-16], thereby, indicating that the ionic flow and
amelogenin gets played a key role in the lengthwise prowth of OCP cryml In a gelatin gel system, 1-2%
amelopenins effectively elongared OCP erystals, which have the L/W ratio 3-5times Jarger than that of contro!
crystals {25). The width and thickness of human enamel crystals in the early stage are. 150m and +.5pm,

respectively, and those in maturation stage are 68nm and 26nm. respectively [2]. Since enamel crystals are Jong. not
simight and fragile, it is difficult to measure the length. It is reported that enamel erystals extend over an entire layer
from the dentino-enamet junction to Tomes® processes of ameloblasts {26) and they are a1 least 100um [27], which
maybe the longest reported value. " Whén the length and the widih were 100im and 15om, respectively. the UW is -
6667. When the length and width were 1000m and 68nm. respeetively. the L/W is 1470, The extremcly large L/W
ratio of ehamel crystals might still require other factors/mechanism to be involved. which work to reducc the width
{i.c.. the growth in the b-axis dircction) and 1o increase the length (i.c.. the "ro\vth in the c-axis divection) in
combination with nmclogcmm and ionic flow. .

 CONCLUSIONS : : -

The increase in the amotmt of caleium and phmphnlc ionie flow enhanced OCP crystal to grow Jonger and
narrower. Organic materials reduced erystal size. The cffect of amelogenins on the morphology of OCP was
unique, when it was compared with albumin, gelatin, PAA. and agarase.  Only 10% amelogenin gels changed the
morphology from ribbon-like to prism-like with-large L/W ratio and smalt W/T ratio. Amount of water inolecules
and electric charge of the (100). 1010) and (001) fiice of oC P cr)stnl reflected the degree of interaction with
amclogcmns- The present stucy supported the view llnl the jonic flow and amclogcmn nanosphercs play key roles
in conlrollm!, the lcnglhwmc and ariented p'O\\'lh of emame) crystal,
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